INTRODUCTION {#s1}
============

Cryptococcus neoformans is an encapsulated yeast responsible for between a quarter of a million and a half million deaths annually ([@B1], [@B2]), rivaling the mortality of tuberculosis and malaria. However, despite these grim statistics, the most effective pharmaceutical agent for this disease, amphotericin B deoxycholate (Fungizone), remains a difficult-to-administer intravenous (i.v.), toxic medication developed in the 1950s ([@B3], [@B4]). Other fungicidal agents such as oral (p.o.) fluconazole have poor outcomes approaching 100% mortality in standard-dose regimens, thought to be due to their fungistatic mechanism, rather than the fungicidal mechanism of amphotericin B ([@B3], [@B5]). However, the toxicities and exclusive i.v. formulations of amphotericin B require sophisticated electrolyte monitoring and intravenous catheters that have precluded use of this medication in a significant number of countries in the African continent with large populations at risk ([www.gaffi.org](http://www.gaffi.org)). Even preemptive therapy for C. neoformans disease at the time of HIV diagnosis results in up to 70% mortality when oral azole therapy is utilized ([@B6]). The result of these poor therapeutics and diagnostics has been a continued silent epidemic of mortality ([@B7]).

New formulations of amphotericin B, including a novel encochleated form, seek to provide a formulation that is both orally available and of low toxicity and cost ([@B8]). Preparations of these lipid nanoparticles are unique in that they have an anhydrous core that releases the incorporated drug formulation in a calcium-dependent fashion, facilitating intracellular drug delivery ([@B8]). Such a preparation could open up the prospect of the potent fungicidal activity of amphotericin-based therapeutics for cryptococcal disease to the developing world. However, challenges remain to determine if the drug can be delivered in effective concentrations to the brain, where the most severe C. neoformans infections occur. Thus, in the present study, various formulations of encochleated amphotericin B (CAmB) were administered to mice via intraperitoneal (i.p.) and subcutaneous (s.c.) injections, as well as by oral gavage. Adjunctive flucytosine (5FC) was also mixed into the drinking water of groups of mice in combination with oral CAmB as 5FC is a known anticryptococcal fungicidal preparation having demonstrated synergy with amphotericin B ([@B9]). In these studies, multiple formulations of CAmB were evaluated to test which compound and route of administration were most efficient against C. neoformans in mice. A delayed-treatment model that results in more rapid failure of fungistatic drugs such as fluconazole than of fungicidal amphotericin B was also utilized ([@B10]).

RESULTS {#s2}
=======

Oral-dose CAmB protects mice against infection with C. neoformans. {#s2.1}
------------------------------------------------------------------

ND4 mice were infected intravenously with 10^4^ CFU of a highly virulent strain of C. neoformans followed with either amphotericin B deoxycholate (5 mg/kg of body weight/day) intraperitoneally (i.p.) or CAmB orally in the indicated doses and then followed until moribund. As shown in [Fig. 1A](#fig1){ref-type="fig"}, a 1-day delay in initiating therapy resulted in protection versus untreated controls with either the systemically administered (*P* \< 0.001) or oral (*P* \< 0.01) CAmB with sterilization of brains in 9 of 10 animals in both groups. In contrast, in a discovery study of multiple formulations, a 3-day delay in therapy ([Fig. 1B](#fig1){ref-type="fig"}) resulted in reduced efficacy of all drugs tested, allowing discrimination of median survivals between the fungistatic drug fluconazole (53 days, *P* \< 0.002 versus untreated), monotherapy with 5FC (47 days, *P* \< 0.002 versus untreated), and a high-dose amphotericin B regimen previously described to be effective in a mouse model ([@B10]) in combination with 5FC ([@B11]). Using this model, CAmB at 5 mg/kg/day i.p. or 25 mg/kg/day orally resulted in prolongation of survival versus controls (49 and 35 days, versus 19 days, *P* \< 0.003 and *P* \< 0.003, respectively), and addition of 5FC to oral CAmB achieved survival comparable to that of the amphotericin B-5FC combination (102 versus 80 days, *P* = 0.5). Additional amphotericin B formulations were assessed for efficacy (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), but all were equivalent to the CAmB formulation. Subsequently, a larger group experiment was conducted to further confirm the survival similarity between oral CAmB and the conventional AmB combination regimen using the delayed-treatment model. While some variation in mortality was expected due to slight differences in fungal viability or variations in host response of the outbred ND4 mouse strain, mortality was similar using either regimen (CAmB + 5FC, *P* \< 0.01 versus untreated; amphotericin B + 5FC, *P* = 0.012 versus untreated), resulting in 70% survival in both groups in female mice ([Fig. 1C](#fig1){ref-type="fig"}). Because C. neoformans disease demonstrates gender differences in prevalence as well as outcome ([@B12]), we also conducted experiments in male mice which again demonstrated equivalence between the CAmB oral combination regimen and the parental AmB regimen ([Fig. 1D](#fig1){ref-type="fig"}; CAmB + 5FC, *P* \< 0.002 versus untreated; amphotericin B + 5FC, *P* = 0.002 versus untreated). Brain and lung cultures of all surviving mice showed an absence of fungal CFU (\<10 CFU/g tissue), suggesting effective microbiologic control with either regimen.

![An encochleated oral formulation of amphotericin B (CAmB) protects against a highly virulent strain of C. neoformans in a delayed-treatment model. (A) Ten mice were inoculated intravenously with 10^4^ CFU of C. neoformans and, after 24 h, were treated for 20 days with either amphotericin B, i.p. 5 mg/kg/day, or CAmB, p.o. 50 mg/kg/day, and followed until moribund. (B) Five mice in each group were inoculated as in panel A, treated with the indicated formulations at the indicated doses for 28 days, and followed until moribund. (C and D) Twenty female mice (C) or 5 male mice (D) were inoculated as in panel B, treated as indicated above, and followed for mortality.](mBio.00724-19-f0001){#fig1}
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Encochleated oral formulations of amphotericin B (CAmB) protect against C. neoformans in a delayed-treatment model, and protection is potentiated by addition of 5FC. Mice were inoculated and treatment was delayed as in [Fig. 1B](#fig1){ref-type="fig"} with the indicated formulations for 28 days, and mice were followed until moribund. Download FIG S1, EPS file, 2.1 MB.
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Oral CAmB results in effective brain clearance of C. neoformans. {#s2.2}
----------------------------------------------------------------

The same mouse model as in [Fig. 1B](#fig1){ref-type="fig"} was used to examine rates of fungal clearance from brains of mice, since in humans rates of intrathecal clearance of organisms are a prognostic factor of clinical outcome during therapy ([@B3], [@B5], [@B13]). As shown in [Fig. 2](#fig2){ref-type="fig"}, the 3-day-delay model resulted in high brain fungal burdens in both treated groups. However, amphotericin B i.p. reduced brain fungal load after 9 to 11 daily doses versus untreated controls (median fungal load over 9 to 11 doses, 4 × 10^3^ CFU/g versus 5.4 × 10^5^ CFU/g; *P* \< 0.01), with slightly smaller but still significant reductions achieved with the oral CAmB versus the untreated control (1.7 × 10^4^ CFU/g, *P* \< 0.01).

![Treatment with an encochleated oral formulation of CAmB results in reductions in brain fungal burden in a C. neoformans delayed-treatment model. Mice were treated as in [Fig. 1B](#fig1){ref-type="fig"} above with the indicated formulations and sacrificed after the indicated number of treatments, and brain fungal burden was determined. *n* = 3 for each group; error bars show ±SD.](mBio.00724-19-f0002){#fig2}

Oral CAmB results in levels of amphotericin B comparable to parental amphotericin B. {#s2.3}
------------------------------------------------------------------------------------

As shown in [Fig. 3A](#fig3){ref-type="fig"} and [Tables 1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}, there was little accumulation in serum between doses 15, 17, and 19 with a slight increase in brain levels in the amphotericin B-treated mice. Given the relative constancy in drug levels during the last week of the 3-week treatment course, data were pooled among the last three dose time points which were observed for steady-state amphotericin B levels. Oral CAmB resulted in average detectable levels of amphotericin B on days 15, 17, and 19 at 1 h posttreatment (795 ± 542 ng/ml, ± SD, *n* = 10) comparable to those achieved with amphotericin B at 5 mg/kg/day i.p. (697± 323 ng/ml, ± SD, *n* = 10). Average levels increased at 6 h after each dose with each preparation and were higher with the amphotericin B preparation (CAmB, 790 ± 184 ng/ml, ± SD, *n* = 10; amphotericin B, 1,197 ± 368 ng/ml, ± SD, *n* = 3; *P* \< 0.01). Average brain levels 6 h after dosing on day 19 were also significant in the CAmB-treated group, although higher levels were achieved in the amphotericin B-treated mice (CAmB, 218 ± 43.4 ng/g, ± SD, *n* = 10, versus amphotericin B, 394 ± 32 ng/g, ± SD, *n *= 10; *P* \< 0.05). To further characterize brain penetration by the cochleate amphotericin, a preparation of CAmB was labeled with a fluorescent tag to allow visualization by fluorescence microscopy. As shown in [Fig. 3B](#fig3){ref-type="fig"}, the orally absorbed CAmB was taken up in brains of intact mice and visualized in infected mice. Interestingly, little fluorescence was visualized in brains of uninfected mice, consistent with a dependence on an infected milieu for effective tissue penetration. Within infected brains, fluorescent CAmB particles were not detected within brain-infiltrating monocytes by flow cytometry ([Fig. S2](#figS2){ref-type="supplementary-material"}), suggesting a lack of persistent cellular residence of CAmB during drug delivery and retention within the intrathecal space.

![Treatment with an encochleated oral formulation of CAmB results in accumulation of amphotericin B in brains of C. neoformans-infected mice. (A) Mice were infected as in [Fig. 1B](#fig1){ref-type="fig"} above and treated with the indicated formulations of amphotericin B. After the indicated doses of each formulation, serum was obtained 1 h after dosing, serum and brains were harvested at 6 h from sacrificed animals, and amphotericin B concentrations were determined by HPLC-MS as described in Materials and Methods (*n* = 9 animals; \*, *P* \< 0.05; \*\*, *P* \< 0. 01; error bars, ±SD). (B) Mice were infected intravenously with 10^4^ CFU of C. neoformans \[Crypto (+)\] or remained uninfected \[Crypto (-)\]. Five days later, mice were treated daily for 3 days with fluorescent CAmB (Rod-AmB) p.o. and sacrificed. Brains were removed, homogenized, and subjected to microscopy using differential interference contrast (DIC) or fluorescence microscopy (RFP). Black arrows show C. neoformans, and white arrows show CAmB fluorescent puncta. Bar, 5 μm.](mBio.00724-19-f0003){#fig3}

###### 

Blood plasma levels of amphotericin B delivered by cochleate p.o. or deoxycholate i.p.[^*a*^](#ngtab1.1){ref-type="table-fn"}

  ---------------------------------------------------------------------------------------------------------------------------------
  Formulation and time\   Mean level (ng/ml) ± SD (*n*) at treatment day(s):                                     
  posttreatment (h)                                                                                              
  ----------------------- ---------------------------------------------------- ----------------- --------------- ------------------
  CAmB, p.o.,\                                                                                                   
  25 mg/kg/day                                                                                                   

          1               461 ± 47                                             1,520 ± 395       515 ± 181       795 ± 542

          6               770 ± 197 (4)                                        875 ± 251 (3)     733 ± 123 (3)   790 ± 184 (10)

  AmB, i.p.,\                                                                                                    
  5 mg/kg/day                                                                                                    

          1               846 ± 310                                            494 ± 99          702 ± 457       697 ± 323

          6               1,308 ± 180 (4)                                      1,343 ± 359 (3)   902 ± 494 (3)   1,197 ± 368 (10)
  ---------------------------------------------------------------------------------------------------------------------------------

A 3-week steady-state experiment was performed to observe the accumulation of amphotericin B in the plasma of mice associated with either CAmB p.o. or AmB i.p. administration. Mice were dosed according to weight for a period of 3 weeks, and blood samples were taken at days 15, 17, and 19 at 1 h posttreatment and 6 h posttreatment.

###### 

Brain levels of amphotericin B delivered by cochleate p.o. or deoxycholate i.p.[^*a*^](#ngtab2.1){ref-type="table-fn"}

  -------------------------------------------------------------------------------------------------------------------
  Formulation    Mean level (ng/ml) ± SD (*n*) at treatment day(s):                                 
  -------------- ---------------------------------------------------- -------------- -------------- -----------------
  CAmB, p.o.,\   239 ± 115 (4)                                        168 ± 88 (3)   247 ± 69 (3)   218 ± 43.4 (10)
  25 mg/kg/day                                                                                      

  AmB, i.p.,\    229 ± 84 (4)                                         397 ± 22 (3)   557 ± 32 (3)   394 ± 164 (10)
  5 mg/kg/day                                                                                       
  -------------------------------------------------------------------------------------------------------------------

Mice were subjected to a 3-week steady-state study to observe steady-state brain levels of amphotericin B after sustained treatment. Brain samples were collected 6 h posttreatment on days 15, 17, and 19.
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Brain-infiltrating fluorescence-tagged CAmB particles are not immune cell localized at 1 week. Two groups of mice were infected as in [Fig. 1B](#fig1){ref-type="fig"} and either treated four times daily p.o. for 2 days with a rhodamine-labeled CAmB preparation or not treated. The last group was comprised of naive mice. Brains were harvested at 1 week, and cells were prepared and analyzed by flow cytometry. Ly6C^+^ cell populations were gated and then observed for rhodamine fluorescence. Rhodamine fluorescence detection using the flow cytometer was used to ensure that the rhodamine-labeled cochleate could in fact be identified on the flow cytometer. Download FIG S2, PDF file, 1.1 MB.
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Oral CAmB treatment of mice results in similar inflammatory cytokine changes in lung as conventional amphotericin B. {#s2.4}
--------------------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that amphotericin B results in induction of cytokines, including TNF-α, IL-1β, and IL-6, and chemokines CCL2 and CCL4 in peritoneal macrophages through a TLR2-dependent mechanism ([@B14]). Since the inflammatory milieu may influence survival ([@B15][@B16][@B21]), we asked if amphotericin B treatment resulted in detectable changes in the lung cytokine and chemokine milieu and if CAmB altered these relationships by assessing lung homogenates after short-term treatment with these pharmaceuticals. After infection, mice were treated with the same amphotericin B preparations as in [Fig. 1B](#fig1){ref-type="fig"} but without 5FC, and then lungs were harvested and assayed for cytokine levels after either one or two drug treatments. As shown in [Fig. 4](#fig4){ref-type="fig"}, in the absence of amphotericin B, infection with Cryptococcus neoformans resulted in significant increases in IL-6 (126 versus 5 pg/lung; *P* \< 0.05), CCL2 (1,200 versus 47 pg/lung; *P* \< 0.05), and CCL4 (median, 93 versus 25 pg/lung; *P* = 0.02) and a trend toward increased median lung cytokine levels of IL-1β (55 versus 23 pg/lung; *P* = 0.06), compared to uninfected controls. TNF-α increased somewhat but was also not statistically significant versus untreated controls (100 versus 41 pg/lung; *P* = 0.19). Treatment of infected animals resulted in slight increases in median IL-1β levels that were statistically significant only after the first dose of CAmB (92 versus 55 pg/lung; *P* \< 0.05). However, treatment with both amphotericin formulations resulted in modest reductions in IL-6 levels in lungs of mice which were statistically significant after CAmB (median, 22 versus 126 pg/lung; *P* \< 0.05) and were persistent for both preparations at the second dose (median, amphotericin B, 11 versus 126 pg/lung \[*P* \< 0.05\]; CAmB, 13 versus 126 pg/lung \[*P* \< 0.05\]). Modest reductions after treatment with either formulation were also present in CCL2 as well as CCL4 of infected animals, which became significant for both preparations after the second dose (CCL2, amphotericin B, 358 versus 1,200 pg/lung, *P* \< 0.05; CAmB, 347 versus 1,200 pg/lung, *P* \< 0.05; CCL4, amphotericin B, 64 versus 93 pg/lung, *P* \< 0.05; CAmB, 65 versus 1,200 pg/lung, *P* \< 0.05). In contrast, TNF-α levels showed little change after treatment with either preparation.

![Treatment with an encochleated oral formulation of CAmB results in a similar cytokine milieu as that after treatment with amphotericin B in lungs of C. neoformans-infected mice. Groups of mice were inoculated as in [Fig. 1B](#fig1){ref-type="fig"}, after 1 week (Cn Infected) were treated with the indicated formulation daily (without 5FC), and were sacrificed after the indicated doses, and lung homogenates were assayed for the indicated cytokines. Uninfected mice served as controls (naive). *n* = 5 mice per group; \*, *P* \< 0.05; error bars, ±SD.](mBio.00724-19-f0004){#fig4}

Twenty-eight-day oral-dose treatment of rats with CAmB results in no discernible weight loss or hematological, organ, or histological damage compared to vehicle control-treated animals. {#s2.5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Efficacy studies in mice resulted in no discernible toxicities in the CAmB treatment group compared to those treated with conventional amphotericin B plus 5FC, evidenced by equivalent weights at the end of treatment in either female or male mice ([Fig. 5A](#fig5){ref-type="fig"}). However, to better identify and characterize potential toxicities of CAmB, a standardized 28-day oral-dose toxicity study was undertaken utilizing the Sprague-Dawley rat model with both male and female animals. Briefly, three groups of 24 female and 24 male rats were treated with either 30 mg/kg/day, 45 mg/kg/day, or 90 mg/kg/day of CAmB, compared to a group pf 15 female and 15 male rats treated with vehicle control, respectively, and followed for daily weights. All animals survived, except for the early deaths of three animals. These animals were examined at necropsy and determined to have died from barotrauma as the result of the gavage procedure. In surviving animals, neither female ([Fig. 5B](#fig5){ref-type="fig"}, left panel) nor male ([Fig. 5B](#fig5){ref-type="fig"}, right panel) rats displayed significant differences in weight at day 29 after completion of treatment, compared to the control group. In addition, absolute organ weights did not differ between treatment and vehicle control groups in either males ([Table S1](#tabS1){ref-type="supplementary-material"}) or females ([Table S2](#tabS2){ref-type="supplementary-material"}).

![Treatment with oral CAmB shows no discernible weight loss in mice or rats compared to treatment with amphotericin B. (A) C. neoformans-infected female (left panel) or male (right panel) mice (in experiments described in the [Fig. 1C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"} legend) were each given the indicated doses of CAmB p.o. or amphotericin B i.p. plus 5FC, weights were obtained daily, and weights on indicated days are shown. Weights at the end of therapy on day 28 were compared (*n* = 13 for each group; female, *P* = 0.23; male, *P* = 0.66). (B) Uninfected female (left panel) or male (right panel) rats were treated with the indicated doses of CAmB p.o. (*n* = 5 per group ± SD). BID, twice daily.](mBio.00724-19-f0005){#fig5}
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Absolute organ weights in male and female Sprague-Dawley rats after 28-day encochleated amphotericin study. Male rats from treatment groups 1 to 4 were terminally sacrificed on day 29, and clinically relevant organs were obtained for weight measurements. The mean for the control group was taken with only 4 animals as 1 rat died early in the experiment due to technical errors related to the administration of vehicle control. There were no significant differences in the organ weight between vehicle control and low-, mid-, and high-dose groups. Download Table S1, DOCX file, 0.02 MB.
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Absolute organ weights in female Sprague-Dawley rats after 28-day encochleated amphotericin study. In the female group, no other changes were observed at the time of sacrifice, except for a slight increase in the absolute spleen weight in the females of the low-dose group compared to the female rats in the control group. Download Table S2, DOCX file, 0.02 MB.
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Hematological and clinical chemistry findings. {#s2.6}
----------------------------------------------

Absolute monocytes (AMO) and the percentage of monocytes (PMO) in the white blood cells (WBC) decreased in some males in the medium- and high-dose groups compared with the controls on day 29 at interim sacrifice ([Table S3](#tabS3){ref-type="supplementary-material"}), but not in females ([Table S4](#tabS4){ref-type="supplementary-material"}). However, on day 42, AMO and PMO were increased in the high-dose group in males, and associated white blood cells (WBC) were increased in the medium- and high-dose groups. The changes were thus thought to be due to individual sporadic changes in the control group and not related to the treatment with CAmB. Sporadic changes were seen in the males of treated groups on day 29, including an increase in platelet counts (PLC) in the low-dose group and decreases in the reticulocyte counts (REA) and in the ratios of reticulocytes to red blood cells (RET) in the high-dose group. None of the changes showed dose dependency. On day 42, a slight but statistically significant increase was seen in red blood cell distribution width (RDW) in the males of the high-dose group compared with males in the control group. No changes were seen in the female rats at day 29 and day 42 terminal sacrifices after 2 weeks of recovery. The changes in hematology parameters were felt to represent spontaneous changes and were not considered to be related to the test article administration.
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Day 29 mean hematology summary in male Sprague-Dawley rats. Absolute monocytes and percentage of monocytes in the white blood cells decreased in the males in the mid- and high-dose groups compared to the control group on day 29. While few changes were statistically significant, this observation was attributed to a sporadic change within the control group that was not attributed to test article administration. Download Table S3, DOCX file, 0.02 MB.
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Day 29 mean hematology summary in female Sprague-Dawley rats. There were no relevant or significant changes in the hematological parameters tested among any of the female treatment groups compared to the control group. Download Table S4, DOCX file, 0.02 MB.
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Serum sodium, chloride, and calcium concentrations showed small changes in males that were dose dependent ([Table S5](#tabS5){ref-type="supplementary-material"}) and that were not evident in the females ([Table S6](#tabS6){ref-type="supplementary-material"}). Sporadic changes in phosphorus and CO~2~ were also evident in males, as was an alkaline phosphatase elevation in females that was not dose dependent.
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Day 29 mean clinical chemistry summary in male Sprague-Dawley rats. In the males in the medium-dose group, creatinine levels were slightly increased compared with males in the control group. Sodium, chloride, and calcium were also increased in the males of the medium- and high-dose groups. In the low- and medium-dosage groups, phosphorus was increased and carbon dioxide was decreased. Glucose was also increased in the males of the low-dose group at the time of terminal sacrifice. Despite these statistically significant changes, they were within normal ranges of the parameters tested and were not related to CAmB administration. Download Table S5, DOCX file, 0.02 MB.
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Day 29 mean clinical chemistry summary in female Sprague-Dawley rats. No significant changes were observed in the clinical chemistry parameters in female rats on day 29. Download Table S6, DOCX file, 0.02 MB.
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Gross necropsy findings. {#s2.7}
------------------------

Several grossly observable abnormalities were noted in both control and/or test article-treated groups in the following tissues: lung with bronchi, thymus, mandibular lymph nodes, spleen, adrenal glands, liver, kidney, ovaries, uterus, and heart. Discolored or mottled lungs and discolored mandibular lymph nodes were found frequently in both the control and the treated groups. These findings were most likely terminal/agonal effects secondary to euthanasia. More red, discolored ovaries were noted in the females of the high-dose group (5 of 15 females) than in the controls (2 of 15 females); however, no abnormal pathology was observed on microscopic evaluations.

Histological findings. {#s2.8}
----------------------

Tissues collected from animals in the control and high-dose groups as well as animals with an unscheduled death or that were euthanized in a moribund condition or tissues with significant gross findings at the time of processing or necropsy were evaluated microscopically by the pathologist. Findings for rats that received vehicle control or CAmB were not distributed in a manner suggesting adverse effect at either the interim necropsy on day 29 or the terminal necropsy after 2 weeks of recovery on day 42. All microscopic findings noted were related to spontaneous disease or conditions or to terminal necropsy procedures. All other necropsy findings were minor, infrequent, and inconsistent and were regarded as incidental background changes unrelated to the test article. In conclusion, no discernible differences were observed in blood analysis, urinalysis, or organ histologies between the CAmB-treated animals and the vehicle control.

DISCUSSION {#s3}
==========

The present studies are the first to demonstrate oral delivery of the potent fungicidal amphotericin B to the intrathecal compartment, potentially useful for CNS fungal infections. Unlike lipidation, encochleation results in a central anhydrous core within a lipid-containing crystal nanoparticle that is more stable to degradation until subjected to a calcium-poor intracellular environment. This results in successful oral uptake and therapeutic levels of drug available to be delivered to distant tissues, including the CNS. Based on previous studies, six formulations of CAmB were tested in a mouse model of cryptococcal meningitis designed to maximize the potential for drug failure that utilized a highly virulent Cryptococcus grubii strain (H99) and a 3-day delay before initiation of therapy ([@B10]). In this model, mice succumb to a CNS infection with high brain fungal burdens, similar to that in human HIV-related infections ([@B22]). This model resulted in failure of the fungistatic drug fluconazole, similar to that seen in human infections ([@B3]). Flucytosine (5FC), a fungicidal drug not recommended as monotherapy for cryptococcal meningoencephalitis (CM) in human infections, was effective in combination with amphotericin B i.p. given at 5 mg/kg/day in combination with 5FC as previously described ([@B11]) and is the recommended regimen in human infections ([@B23]).

In combination with 5FC, CAmB given by oral gavage was as effective as the parental amphotericin B plus 5FC using moribundity as an endpoint in both studies of 5 female mice each and larger samples of 20 mice. Clearance of brain fungal burden was also similar to that of the parental amphotericin B combination regimen. Brain fungal clearance, measured by rates of fungal load in cerebrospinal fluid, is an important microbiological surrogate of antifungal activity in human patients ([@B3], [@B13], [@B24]). In addition, since males predominate in the numbers of cryptococcal infections in the United States ([@B12]), we tested the combination CAmB plus 5FC in male mice to test gender as a biological variable. Similarly to that previously reported in mice, mortality was similar between untreated male and female mice ([@B25]), and equivalent efficacy of the oral CAmB combination was also gender independent, which may reduce concerns of gender-specific therapeutic outcomes in patients raised by some investigators based on data including differing immunosuppressive effects of sex hormones ([@B26]).

Examination of tissue drug delivery took account of the unique attributes of amphotericin B. While absolute levels of amphotericin B can vary tremendously in plasma and tissue between preparations that have similar efficacies and thus may have limited predictive value by themselves ([@B27]), we assessed plasma and tissue levels of amphotericin B at the oral 25-mg/kg/day dose of CAmB plus 5FC to provide a rough blood surrogate of treatment efficacy associated with mouse moribundity. Recognizing these caveats, we measured "steady-state" brain levels and serum levels of amphotericin in mice which did not vary significantly from each other after the 15th, 17th, or 19th dose. In addition, while serum levels 6 h after dosing showed a higher value after amphotericin B dosing than oral CAmB, brain levels did not show significant differences, consistent with the equivalent efficacy in the CM model. Interestingly, using a rhodamine-tagged CAmB preparation, microscopy of the brains of mice demonstrated intrathecal delivery of the nanoparticles and potentiation by the cryptococcal infection. However, we were not able to demonstrate specific cellular localization of the fluorescent signal using flow cytometry. This could be due to lysis of the transporting macrophage after egress into the CNS or a cell-independent mechanism of intrathecal delivery such as transcytosis ([@B28]).

Another important variable affecting patient outcomes may be immune dysregulations that could either reduce microbial clearance or result in inflammatory syndromes, similar to cryptococcal immune reconstitution inflammatory syndrome (cIRIS) after antiretroviral therapy (ART) in HIV-related disease or a postinfectious inflammatory syndrome in non-HIV patients ([@B15], [@B29], [@B30]) which is also present during murine infections ([@B31]). In the present study, CAmB treatment in the presence of CM resulted in small but significant elevations in IL-1β, the proinflammatory cytokine that had previously been reported to be elevated after exposure to conventional AmB ([@B14], [@B32]). However, TNF-α did not show significant changes after CAmB treatment in infected animals, and IL-6 showed small reductions, in contrast to large increases demonstrated in previous studies using older formulations of AmB ([@B33], [@B34]). Such inflammatory reactions have been related to AmB-related liposome impurities, resulting in toxicities such as fever and renal toxicity ([@B35], [@B36]), and may help to explain the absence of observed toxicity with CAmB, similar to other nanoparticle delivery formulations ([@B37]). More inflammation-neutral preparations may thus help to reduce inflammatory syndromes such as cIRIS or postinfectious inflammatory response syndrome (PIIRS) in these patients, potentially improving outcome.

Toxicity of amphotericin preparations remains the principal limiting property of current formulations. No observable toxicity was observed in mice after treatment with the combination of CAmB and 5FC as evidenced by equivalent weights in the treatment groups. However, to allow more generalization of toxicity data, a standard multidose (28-day) rat toxicity model was utilized consistent with regulatory requirements. In these studies, all animals survived except for 3 early deaths of three animals attributed to barotrauma from the oral gavage. The remainder of the animals displayed no overt toxicity effects at a dose up to 90 mg/kg/day, above that given to the mice in efficacy models. These studies were conducted in both male and female animals, again suggesting no gender-dependent difference as a biological variable in the use of these preparations. Indeed, CAmB has been recently studied in a phase II efficacy study in patients with chronic azole-resistant mucocutaneous candidiasis without evident toxicity ([@B38]).

In summary, these studies demonstrate the utility of an orally available encochleated form of amphotericin B, CAmB, which in combination with 5FC shows promising efficacy in a murine model of cryptococcal meningoencephalitis. These studies also demonstrate the ability of encochleated formulations to deliver therapeutic levels of pharmaceuticals by an oral route to the CNS. Follow-on human studies in patients with CM are planned.

MATERIALS AND METHODS {#s4}
=====================

Fungal strains, plasmids, and growth media. {#s4.1}
-------------------------------------------

The C. neoformans ATCC 208821 (H99) strain was a gift from J. Perfect. Strains were grown in YPD agar containing 2% glucose, 1% yeast extract, and 2% Bacto peptone. ND4 mice were obtained from Envigo.

CAmB and vehicle control formulations. {#s4.2}
--------------------------------------

The lipid nanoparticle used for amphotericin drug delivery and rhodamine-labeled AmB cochleate was formulated according to the method of Santangelo et al. ([@B8]). Briefly, a basic solution of amphotericin B (22.75 g, Sigma) in 0.1 N NaOH (707 ml) is added, dropwise with stirring, to an aqueous suspension of liposomes (106 g lipoid PS P50X in 3.533 liters of 50 mM phosphate buffer, pH 7.4), followed by the addition, dropwise with stirring, of calcium chloride (1.0 M, 194.8 ml) to form the CAmB suspension containing 1.8 mg AmB/ml. The final formulation step involves removal of supernatant followed by addition of methylcellulose (0.3%) as a suspending agent with adjustment to a final concentration of 5 mg AmB/ml. Preparations of CAmB-S were made in the same way, but CAmB was sonicated in a Branson 1510 water bath sonicator for 10 min at 0°C. CAmB-S Deoxy was prepared by sonicating CAmB plus 2 mM deoxycholate (Sigma). CAmB-S-BSA was prepared by sonicating CAmB plus 10 mg/ml bovine serum albumin (Sigma). CAmB-S-FAT was made by sonicating CAmB plus 0.45 g milk fat, and CAmB 2.5:1 was prepared using 50% less lipoid PS P50X.

Infection model. {#s4.3}
----------------

An intravenous mouse model described previously was utilized ([@B10], [@B39]). Briefly, ND4 wild-type (WT) mice were inoculated intravenously with 10^4^ fungal cells grown on YPD agar. The viability of the inoculum was determined as greater than 90% by assessing CFU on YPD agar. After 24 h ([Fig. 1A](#fig1){ref-type="fig"}) or 72 h ([Fig. 1B](#fig1){ref-type="fig"}), treatment with the indicated compounds was begun and continued for 20 days ([Fig. 1A](#fig1){ref-type="fig"}) or 28 days ([Fig. 1B](#fig1){ref-type="fig"}). Mice were then followed until moribund and were sacrificed, and their brains were cultured for CFU.

Measurement of steady-state levels of amphotericin B: animals and grouping. {#s4.4}
---------------------------------------------------------------------------

Eighty-one ND4 mice were divided into three different treatment groups consisting of 27 animals each: CAmB treated, AmB treated, and untreated. All 81 animals were infected with C. neoformans as described above, and the respective treatments began 3 days after inoculation. Amphotericin B at 5 mg/kg daily was given i.p. (group 1), CAmB at 25 mg/kg daily (group 2) was given by oral gavage, and flucytosine was given to groups 1 and 2 at an estimated dose of 250 mg/kg daily based on an oral consumption of 4 ml daily as described above and was adjusted based on mouse weights ([@B11]). Groups 1 and 2 were treated daily for a period of 3 weeks, and after the indicated doses, 3 mice from each group were sacrificed and brains were collected to measure CFU. To assess steady-state amphotericin levels, blood and brain samples were collected after the indicated doses to determine steady-state plasma and brain levels of amphotericin B. Blood samples were collected 1 h and 6 h posttreatment using the mandibular bleed technique. Blood was collected in EDTA-treated collection tubes. Brain samples were taken at 6 h posttreatment and weighed upon retrieval. A section of brain was removed from each sample and homogenized for assessing fungal burden. The remaining section of brain was weighed again before homogenization in 3 volumes of deionized, sterile water for amphotericin B level analysis.

Determination of amphotericin B concentrations in mouse plasma and brain samples. {#s4.5}
---------------------------------------------------------------------------------

Plasma samples were harvested from blood collected in EDTA tubes. After brain tissue collection, the tissue sample was rinsed with cold saline, dried on filtrate paper, and weighed. The weight of each tissue was recorded and snap-frozen by placement on dry ice. Three volumes of water was added to brain tissue and then homogenized. Ten microliters of plasma and 40 μl of tissue homogenate were added to 200 μl of internal standard (100 ng/ml tolbutamide in acetonitrile-methanol, 6:4) in a 96-well plate to precipitate proteins. The plate was vortexed for 5 min and centrifuged at 3,000 rpm for 30 min at 4°C. The supernatant was collected and stored at −80°C until analysis.

An ultrahigh-performance liquid chromatography--tandem mass spectrometry (UPLC-MS/MS) method was developed and optimized to determine amphotericin B concentrations in plasma and brain homogenate samples. Briefly, mass spectrometric analysis was performed on a Waters Xevo TQ-S triple-quadrupole instrument using electrospray ionization in positive mode with selected reaction monitoring (SRM). The most intense SRM of amphotericin B was the protonated dehydrated AmB *m/z* 906.6 to *m/z* 743.5. The separation was performed on an Acquity BEH C~18~ column (50 by 2.1 mm, 1.7 μm) using a Waters Acquity UPLC system with an 0.6-ml/min flow rate. The column temperature was maintained at 60°C. Mobile phase A was 0.1% formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile. The UPLC gradient method was 2% B (0 to 0.2 min), 2% B to 95% B (0.2 to 1.2 min), 95% B (1.2 to 1.8 min), and 2% B (1.8 to 2.0 min). The retention time of amphotericin B was 1.0 min. The total run time was 2 min. With the optimized UPLC-MS/MS method, the peak width of amphotericin B was ∼2 s, which increased resolution and reduced potential endogenous interference. The calibration standards (10 to 5,000 ng/ml) were prepared in the control blank mouse plasma and brain homogenate. A 1.0-μl supernatant was injected for the UPLC-MS/MS analysis.

Flow cytometry analysis of rhodamine-labeled CAmB. {#s4.6}
--------------------------------------------------

Two mice were infected with 100 μl of 10^4^ CFU of C. neoformans (H99), and one mouse remained naive. One of the infected mice received 200 μl of the rhodamine-labeled, encochleated amphotericin B p.o. once a day (SID) for 2 days. This treatment took place 1 week postinfection. Animals were euthanized on day 3 posttreatment via isoflurane overdose. Mice were then perfused through the left ventricle using 12 ml of cold PBS in a syringe with a 22-gauge needle. The perfused brains were subsequently removed. Each brain was placed in 5 ml of RPMI using an 8-well plate. Each brain was minced and was passed through a 70-μm filter. Filtrate was washed in RPMI, then mixed with 33.3% Percoll-RPMI suspension, and then centrifuged for 30 min at 800 × g (no brake) to allow separation of monocytes. Isolated monocytes were then counted and prepared for fluorescence-activated cell sorting (FACS) analysis. Cells were stained for CD31^+^, CD45^+^, and Ly6C^+^ populations. After staining, cells were fixed using the BD Cytofix/PermWash kit for 20 min and then washed using BD PermWash. Cells remained in PermWash buffer during FACS analysis.

Cytokine protein measurements. {#s4.7}
------------------------------

Cytokine levels in lung tissues were analyzed using the Bio-Plex protein array system (Luminex-based technology; Bio-Rad Laboratories, Hercules, CA) according to the manufacturer\'s directions. Briefly, lung tissue was excised and homogenized in ice-cold, sterile PBS (1 ml) and kept on ice. An aliquot (10 μl) was taken to quantify the pulmonary fungal burden, and an antiprotease buffer solution (1 ml) containing PBS, protease inhibitors (inhibiting cysteine, serine, and other metalloproteinases), and 0.05% Triton X-100 was added to the homogenate, which was then clarified by centrifugation (800 × *g*) for 5 min.

Twenty-eight-day oral-dose toxicity study in Sprague-Dawley rats. {#s4.8}
-----------------------------------------------------------------

The study was performed in accordance with reference [@B40] under NIAID contract no. HHSN2662007000043C/NO1-AI-70043, protocol study number M573-08. Briefly, four groups of rats were treated with either 30 mg/kg/day (24 males, 24 females), 45 mg/kg/day (24 males, 24 females), or 90 mg/kg/day (24 males, 24 females) of CAmB or a vehicle control (15 males, 15 females) and monitored with daily weighings. On day 29, 20 rats (10 males, 10 females) from each group were selected. Animals were subjected to fasting before blood collection. Blood was collected from the retro-orbital sinus under 60:40% CO~2~-O~2~ anesthesia before necropsy on days 29 and 49 for main and recovery groups, respectively. Hematology parameters, including hemoglobin and red blood cell and white blood cell counts with differential evaluation, were measured. Complete serum chemistry was also evaluated, including blood urea nitrogen, alanine aminotransferase, creatinine, and bilirubin. Animals were euthanized using an overdose of sodium pentobarbital administered by intraperitoneal injection. For necropsy and histopathological examinations, all tissues from all control and high-dose animals and those tissues deemed necessary by the pathologist (e.g., tissue observed to have significant gross findings) were examined. Sections of the tissues were embedded in paraffin, were cut approximately 5 μm thick, and underwent H&E staining. A four-step grading system (minimal, mild, moderate, and marked) was used to define gradable lesions for comparison between the treated and control groups. Records of gross findings for a specimen from postmortem observations were available to the pathologist when examining specimens microscopically.

Statistics. {#s4.9}
-----------

Errors were expressed as standard deviation (SD). Statistical significance of mouse survival times was assessed by log rank (Mantel-Cox test). Discovery studies ([Fig. 1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}; see also [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material) were not adjusted for multiple comparisons, but important relationships were confirmed with focused studies ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}) in both female and male mice. Comparison of fungal burdens, drug levels, and cytokines in the respective tissue or in serum was performed by a nonparametric *t* test with Welch's correction. Plots were made and statistical analysis was performed using GraphPad Prism version 5.0a (GraphPad Software, San Diego, CA, USA).
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